protocol, we observed gradient fidelity artifacts in UTE, and our chosen flip angle and readout also resulted in shading artifacts in ZTE due to inadvertent spatial selectivity. These can be corrected by advanced reconstruction methods or with different chosen protocol parameters. Conclusion The applied ZTE and UTE pulse sequences achieved similar contrast and SNR efficiency for volumetric imaging of ultrashort-T2 components. Key differences include that ZTE is limited to volumetric imaging, but has substantially reduced acoustic noise levels during the scan. Meanwhile, UTE has higher acoustic noise levels and greater sensitivity to gradient fidelity, but offers more flexibility in image contrast and volume selection.
Introduction
Tissues and tissue components with ultrashort-T2 relaxation times of less than approximately 1 ms cannot be reliably detected by conventional MRI pulse sequences due to limitations on the minimum achievable echo time (TE). Zero echo time (ZTE) and ultrashort echo time (UTE) pulse sequences use specialized acquisition and reconstruction techniques to enable detection of ultrashort-T2 components in vivo. These sequences allow for direct visualization of tendons (T * 2 ≈ 1 ms) [1] [2] [3] [4] [5] [6] [7] , cortical bone (T * 2 ≈ 0.4 ms) [8] [9] [10] [11] [12] [13] [14] [15] [16] , and lung parenchyma (T * 2 ≈ 0.5-3 ms) [17] [18] [19] [20] [21] [22] , as well as components in myelin (T * 2 ≈ 0.1-0.4 ms [23] [24] [25] ) and ligaments [26] (up to 80 % fraction of T * 2 ≈ 1 ms [27] ). UTE pulse sequences rely on beginning data acquisition as soon as possible after completion of the RF pulses. The readout gradients are turned on at the beginning of data
Abstract
Objective Zero echo time (ZTE) and ultrashort echo time (UTE) pulse sequences for MRI offer unique advantages of being able to detect signal from rapidly decaying short-T2 tissue components. In this paper, we applied 3D ZTE and UTE pulse sequences at 7T to assess differences between these methods. Materials and methods We matched the ZTE and UTE pulse sequences closely in terms of readout trajectories and image contrast. Our ZTE used the water-and fat-suppressed solid-state proton projection imaging method to fill the center of k-space. Images from healthy volunteers obtained at 7T were compared qualitatively, as well as with SNR and CNR measurements for various ultrashort, short, and long-T2 tissues. Results We measured nearly identical contrast-to-noise and signal-to-noise ratios (CNR/SNR) in similar scan times between the two approaches for ultrashort, short, and long-T2 components in the brain, knee and ankle. In our 1 3 acquisition, leading to a center-out k-space trajectory. Typically, radial trajectories are used, although other center-out trajectories such as spirals [28] , twisted projections [29] , or cones [30] are also feasible. UTE can be acquired in either 2D or 3D mode, with 2D requiring the use of half-pulse excitations [31] .
ZTE pulse sequences also rely on beginning data acquisition as soon as possible after completion of the RF pulses. However, unlike UTE, the readout gradients are turned on prior to the RF pulse [32, 33] . Therefore, the center of k-space is crossed at echo time of zero. A similar strategy is also used in the Sweep imaging with Fourier transformation (SWIFT) method [34] . However, due to switching of hardware from transmit to receive mode, the center of k-space is not sampled, and data is acquired starting at some minimum k-space radius. Strategies to fill in the center of k-space include using algebraic reconstruction [35, 36] , single-point imaging (Pointwise encoding time reduction with radial acquisition, PETRA) [37] , and reduced amplitude readouts (Solid-state magnetic resonance imaging, SMRI/water-and fat-suppressed solid-state proton projection imaging, WASPI) [9] . Typically radial trajectories are used in ZTE for the outer portion of k-space. Having the readout gradients on during the RF excitation pulse can potentially introduce some spatial-selectivity, and for this reason, the RF flip angles and readout bandwidths are typically limited to ensure that this selectivity does not affect the imaging volume. This also means ZTE can only be used for 3D imaging. A recently touted advantage of ZTE is its substantially reduced ambient noise levels (used in "silent" MRI), improving patient comfort.
In this paper, we applied 3D ZTE and UTE pulse sequences in vivo at 7T. This was motivated by the increasing interest in these techniques, and the purpose of this work was to assess any differences (SNR, contrast, artifacts) when the pulse sequences were very similar. To this end, the image contrast, k-space trajectories, and image reconstruction were closely matched in an attempt to highlight any fundamental differences between the two pulse sequences. For ZTE, the WASPI method was used to fill the center of k-space [9] . We performed these studies at ultrahigh field (7T) for several reasons: the increased polarization is advantageous for ultrashort-T2 imaging because these tissue components often have low proton density and their ultra-fast relaxation rate limits the data acquisition time, both contributing to overall low SNR; and the increased B0 and B1 inhomogeneities at 7T will accentuate any differences between the sequences due to these effects. Any artifacts due to B0 or B1 inhomogeneities that we have observed in this study will be reduced when using lower field strengths such as 3T. We compared the SNR and contrast in several different tissues in the brain, knee and ankle to reveal any differences between the sequences (SNR efficiency, detection of ultrashort-T2 tissue components, image contrast).
A major limitation of this study was that we did not explore all differences between UTE and ZTE, such as flip angle restrictions, multi-echo readouts, volume selection capability, and gradient calibrations, so an extensive qualitative comparison of these differences is presented in the "Discussion". Another limitation was that there were some pulse sequence differences, including switching times, delay times, and spatial selection, that impacted our results. These differences are described in detail in the Methods and their anticipated impact is described in the "Discussion". Figure 1 shows the UTE and ZTE pulse sequences used in this study. We attempted to use identical parameters as much as possible in both pulse sequences. Identical parameters included the RF pulse (12-20 µs hard pulse, 4 • flip), resolution, FOV, readout bandwidth and duration. The readout window is shown by the "DAQ" in Fig. 1a , where UTE begins with the ramp up of the gradient and ends at the end of the plateau, while ZTE begins after the transmit/receive (T/R) switching delay (T/R delay). All gradients were designed to reach the same k-space radius at the end of the readout. The timings of the radial k-space trajectory and maximum gradient amplitudes are slightly different even with identical readout bandwidths and durations, because for UTE, the readout window and sampling includes the ramp up of the gradient, while for ZTE, the readout window does not include the center of k-space and has no gradient ramps.
Materials and methods
Both pulse sequences used periodically applied fatsuppression pulses (4 ms, 1 kHz bandwidth, 100 • flip) for improved ultrashort-T2 component contrast in the ankle, knee, and skull. In the brain studies, both sequences also included an inversion recovery (IR) preparation scheme using an adiabatic inversion pulse (HS2 pulse shape [38] , 20 ms, 1.6 kHz bandwidth) for additional contrast [25, 39] . The IR preparation pulse was applied every 384 projections with an inversion delay time, TI = 600 ms, and a recovery time, TD = 1 s. Key pulse sequence parameters are listed in Table 1 .
For both pulse sequences, 3D isotropic FOV and resolution radial trajectories were used. These were oversampled in the radial direction by a factor of approximately two relative to the Nyquist sampling requirement. These were undersampled angularly by an overall factor of π relative to the Nyquist sampling requirement at the end of the projections. The angular undersampling results in relatively diffuse, noise-like artifacts, and thus this degree of undersampling can typically be applied without noticeable artifacts. For ZTE, the center of k-space was filled in by acquiring an additional set of low-frequency projections with lower gradient strengths, as in the WASPI method [9] . The gradients were reduced by a factor of 8 compared to the rest of the data, and the angular density was reduced to support the same FOV, meaning 8 2 = 64 times fewer lines were acquired in the additional low-frequency acquisition. The first 32 samples of this acquisition were combined with the high-frequency data in the gridding reconstruction to fill in the center of k-space. A linear-weighting was applied to the last eight of these low-frequency samples and the first two high-frequency samples to reduce ringing artifacts. All coils were combined with a sum-of-squares for UTE and ZTE.
There were a few differences between the UTE and ZTE sequences used, primarily arising from the fact that the UTE sequence was developed in-house at UCSF, while the ZTE sequence was developed within GE Healthcare. The ZTE pulse sequence was optimize to have a shorter minimum transmit/receive switching time of 8 µs, compared to 70 µs in the UTE sequence. The ZTE scan times were also increased due to some additional delay time that was automatically added by the pulse sequence program based on expected SAR calculations, although ultimately, this extra time was not necessary to stay within Fig. 1 a, b A single TR of the 3D UTE and ZTE pulse sequences used, with the corresponding k-space coverage. The missing central k-space in ZTE was filled using low-resolution projections [9] . Sequence timing diagram for the c knee, ankle, and d brain studies including periodically applied fat suppression and inversion recovery pulses
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FDA limits. Finally, the ZTE excitation pulses introduced some slice selection artifact, resulting from the gradient being applied during excitation. With the chosen RF duration and readout gradient amplitudes, the full-width halfmaximum (FWHM) slice thicknesses of the hard pulse excitation was 10.8 cm (brain), 15.1 cm (ankle), and 10.4 (knee), with nulls (i.e., no excitation) at ± the FWHM thickness. This artifact can be corrected to some extent in the reconstruction [40] , but we did not apply these corrections in this study.
Phantom experiments were performed using a resolution phantom with varying sizes of signal voids. We used the same parameters as the in vivo brain experiments listed below, except without the adiabatic IR preparation.
Seven healthy volunteers were imaged on a 7 T MRI system (GE Healthcare, Waukesha, Wisconsin, USA) equipped with 50 mT/m maximum amplitude and 200 mT/m/ms maximum slew rate gradients. Informed consent was obtained before scans under an Institutional Review Board (IRB)-approved protocol. For the head and ankle studies, a head-only quadrature coil was used to transmit and a 32-channel phased-array head coil (Nova Medical, Wilmington, MA) was used to receive signal. For the ankle studies, the subjects lay supine with one foot located in the head coil. The anterior part of the phasedarray coil was shifted off to fit the foot in a relaxed position in the coil, as done in [7] . This resulted in the lower leg being positioned nearly parallel to B0, minimizing Fig. 2 Resolution phantom experiments acquired with different center frequencies. These demonstrate the off-resonance sensitivity of both techniques, where phase accumulation during the radial readouts results in an isotropic blurring and ringing artifact. This can be seen by the increased signal in the center of the resolution phantom circles, which should be void of signal. These artifacts are nearly identical between ZTE and UTE The scanner and these RF coils were able to achieve 8 µs transmit-receive switching times with the standard MRI system hardware. We also scanned six patients previously diagnosed with multiple sclerosis with either our UTE (one patient) or ZTE (five patients) brain protocol. The standard imaging protocol included an IR-prepared spoiled gradient recalled (SPGR) acquired with TE = 2.3 ms, TR = 6.2 ms, TI = 600 ms, 8 • flip, and 1 mm isotropic resolution, which we used for a qualitative comparison.
SNR and CNR comparisons were performed by drawing regions of interest (ROIs) in various tissues. Mean signals were measured within the tissue of interest. Measuring noise is challenging due to diffuse, noise-like artifacts from radial undersampling that will appear across the image, as well as amplitude variations due to the coil geometry and combination. Thus, we chose to measure noise from the standard deviation in an ROI with homogeneous-appearing tissue. The noise ROI was chosen to be nearby to the tissue of interest in order to minimize the effects of coil geometry and sum-of-squares noise distortion. One limitation of the SNR and CNR measurements is that the diffuse, noiselike artifacts from the angular undersampling will create a background signal that will contribute to the noise measurement. However, these artifacts should be very similar between ZTE and UTE, because the same angular undersampling was used. These measurements will also be confounded by the aforementioned ZTE slice selection artifact (resulting from the gradient being applied during excitation), particularly near the edges of the FOV. ZTE and UTE data were compared using a Student's t-test, paired within each volunteer.
Results
We performed phantom experiments in order to assess the image quality, resolution capabilities and off-resonance sensitivity of UTE and ZTE sequences (Fig. 2) . The sequences had nearly identical radial readout trajectories, which we expected to have an identical resolution and similar phase accumulation due to off-resonance. However, the ZTE sequence used additional extra low-resolution projections to fill the center of k-space that could have an impact on image quality, resolution, and artifacts. Our phantom results showed that the resolution capabilities of both approaches were comparable. Phase accumulation during the radial readouts due to off-resonance resulted in an isotropic blurring and ringing artifact in both pulse sequences. This can be seen in all the resolution phantom compartments: in the larger compartments, the edges are blurred out; and in the smaller compartments there is even signal enhancement at the larger off-resonance frequencies. There are some very subtle differences: in the 200 Hz offresonance, the larger compartments have a sharper ringing artifact with ZTE that is slightly smoother with UTE.
We performed in vivo imaging studies in the brain, ankle, and knee to assess the detection of ultrashort-T2 signals, image quality, and artifact behavior. In vivo brain imaging results shown in Fig. 3 demonstrated comparable 
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Fig. 3
In vivo brain imaging results in a healthy volunteer at 1.1 mm isotropic resolution with fat-suppression pulses and IR preparation. UTE and ZTE demonstrated similar gray/white matter contrast. Both detected signal from the cortical bone in the skull (dashed orange arrows). Signal was also seen from the RF coil and foam padding (wide green arrows), with typically more signal in the ZTE images. In this study, ZTE suffered from some shading and signal dropout artifacts near the edges of the FOV (thin red arrows), although this can be alleviated through improved sequence and reconstruction methods, as discussed in the text image contrast within brain tissue, where an identical IR preparation provided contrast between gray and white matter, and they also showed similar vascular enhancement. However, ZTE had slight SNR in the white matter, as quantified later, which has been shown to contain ultrashort-T2 components (T * 2 ≈ 0.1-0.4 ms [23] [24] [25] ). Both sequences comparably detected ultrashort-T2 signals from cortical bone in the skull (T * 2 ≈ 0.4 ms, dashed orange arrows). Typically, ZTE had increased signal from ultrashort-T2 components in the RF coil and foam padding (wide green arrows). ZTE suffered from increased apparent blurring around the skull and skin (dashed yellow arrows), as well as shading and signal dropout artifacts at the edges of the FOV (thin red arrows). The shading and signal dropout artifacts are a result of slice selection effects from the RF pulse being applied during the readout gradients, which are particularly noticeable at the most anterior and posterior portions of the head in the axial image (top row), as well as inferiorly in the neck in the sagittal image. In our ZTE brain protocol, the full-width half-maximum (FWHM) slice thickness of the hard pulse excitation was 10.8 cm, with nulls (i.e., no excitation) at ±10.8 cm, which explains these artifacts. Methods for correcting for the slice selection effects in ZTE are included in the "Discussion". Fig. 4 In vivo ankle imaging results in a healthy volunteer at 0.7 mm isotropic resolution with fat-suppression pulses. UTE and ZTE demonstrated similar contrast for ultrashort-T2 components in tendons (dashed yellow arrows). In particular, both showed a fascicular structure in the Achilles tendon (dashed orange arrows). ZTE showed increased signal from foam padding (wide green arrows). Some failure of the fat suppression pulses was observed, particularly in the heel (thin red arrows)
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Fig. 5
In vivo knee imaging results in a healthy volunteer at 0.8 mm isotropic resolution with fat-suppression pulses. UTE and ZTE demonstrated similar contrast for connective tissues such as the patellar ligament (dashed orange arrows) as well as for other ligaments, cartilage, and the meniscus. Similar to the brain results (Fig. 3) , ZTE suffered from some shading and signal dropout artifacts (thin red arrows). Methods for correcting these artifacts are included in the "Discussion"
In vivo ankle imaging results shown in Fig. 4 also demonstrated comparable image contrast, with 0.7 mm isotropic resolution in less than 5 min of scan time. With both ZTE and UTE, we observed a fascicular pattern in the Achilles tendon (T * 2 ≈ 1 ms, dashed orange arrows), where stripes of higher signal represented endotenon, whereas those of lower signal represented fascicles, as we had previously observed in 18 min scan times with UTE at 7T [7] . Similar image contrast was achieved through periodic application of fat suppression pulses, and we also observed numerous other tendons in the ankle (dashed yellow arrows). The use of fat suppression was crucial for image contrast because the fat off-resonance artifacts will create artificial structure and blurring at fat-water interfaces, demonstrated by our previous 7T UTE studies in the ankle [7] . In the ankle, no shading and signal dropout artifacts were observed in ZTE, since the FWHM slice thickness of the hard pulse excitation was 15.1 cm, which was large enough to cover most of the ankle in all directions. ZTE had increased signal from ultrashort-T2 components in the RF coil and foam padding (wide green arrows). We observed some failures of the fat-suppression pulses, particularly in the heel (thin red arrows), where large susceptibility-induced frequency shifts are present.
In vivo knee imaging results shown in Fig. 5 also demonstrated comparable image contrast for the numerous connective tissues in the knee, including ligaments, cartilage, and the meniscus at 0.8 mm isotropic resolution in less than 5 min of scan time with both ZTE and UTE. As in the brain, we did observe some shading artifacts with ZTE (thin red arrows), particularly at the edges of the FOV, due to the slice selection effects of ZTE. For this ZTE protocol, the FWHM slice thickness of the hard pulse excitation was 10.4 cm, with nulls at ±10.4 cm, which explains the shading artifacts in the superior/inferior direction. We also observed eddy current distortion artifacts with UTE (thin red arrows). This can be corrected by several methods, including using gradient measurements [41] and pre-compensation or post-processing corrections.
Sample raw data for the different sequences and protocols is shown in Fig. 6 to demonstrate the differences in timing and filling the k-space center between the UTE and ZTE sequences. In general, there is a strong correspondence between the methods. Some varying signal fluctuations are seen at the beginning of the acquisitions, likely due to stabilization of the receiver hardware and filters. The overall signal intensities were similar. The remaining deviations in the data could be due to offresonance accumulation, which will be different across k-space in the low-resolution ZTE acquisitions, and spatial selectivity of the RF pulses modulating the ZTE raw data. We compared SNR values for various tissues as well as CNR between selected tissues in Fig. 7 across all studies. We chose ultrashort-T2 tissues (ankle tendons, cortical bone in the skull, patellar ligament) as well as tissues with substantial longer T2 components. White matter [25] , meniscus and cartilage may also have substantial ultrashort-T2 components in addition to the typically observed short and long-T2 components. The SNR difference were not statistically significant between UTE and ZTE (p > 0.05 ), except in white matter, where the ZTE SNR was higher with statistical significance (p < 0.05). The CNR differences were not statistically significant between UTE and ZTE (p > 0.05).
Data acquired using IR UTE and ZTE in two multiple sclerosis patients is shown in Fig. 8 . These provided good contrast for suspicious demyelinated lesions, similar to the IR SPGR images. The foam padding and skull are clearly visualized in the UTE and ZTE images only. Comparable ZTE results were obtained in all five patients scanned with ZTE.
Discussion
Overall, in this study we observed very similar performance in several regards between UTE and ZTE pulse sequences for brain, ankle and knee imaging at 7T. Specifically, artifacts due to off-resonance and radial undersampling were similar, as was the image contrast and SNR of most tissues, including tendons and cortical bone that have sub-millisecond T2 relaxation times. Both sequences supported using fat suppression and inversion recovery pulses for contrast generation. The B0 inhomogeneity at 7T resulted in some failure of the fat-suppression pulses, which would be less likely at lower field strengths (e.g. 3T). The B1 inhomogeneity somewhat surprisingly did not have much impact on image quality and contrast, possibly due to the low-flip angle, short TR acquisition as well as the adiabatic IR pulse used in the head studies. However, we observed some different artifacts between ZTE and UTE, including shading/ signal dropoff and eddy current distortions. Our general observations comparing ZTE and UTE are described in Table 2 .
In tendons and cortical bone that have 0.5-1 ms T2 relaxation times, we found the SNR was similar between UTE and ZTE. However, ZTE had higher signal from the foam pads and components of the RF coils (e.g. plastics),
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(a) (b) Fig. 8 In vivo brain imaging results in multiple sclerosis patients. The IR SPGR images were acquired at 1 mm isotropic resolution, while the IR UTE and ZTE were acquired at 1.1 mm isotropic resolution with fat-suppression pulses and IR preparation (same parameters as the volunteer images, e.g., in Fig. 3) . The UTE and ZTE images clearly depict suspicious lesions (arrows) Need to fill center of k-space which most likely have even shorter-T2 values than the tissues used for the SNR measurements. (For this reason, it is desirable to use padding and RF coil materials with lower proton densities and/or very rapid relaxation times [42] , as well as specialized coil placement and shielding configurations [43] ). We also observed higher SNR with ZTE in white matter. This could be a result of ultrashort-T2 white matter components (T * 2 ≈ 10-100 µs [23, 24] ) that were better detected with ZTE.
We believe the increased ZTE SNR from foam pads, coil components, and white matter is largely due to the different switching times between excitation and acquisition in the UTE and ZTE-the minimum switching delays were 70 µs for the UTE sequence, but 8 µs for the ZTE sequence that had been further optimized with respect to delay. This is based on our point spread function (PSF) simulation of the UTE and ZTE pulse sequences used in this study and shown in Fig. 9 . The loss of signal for shorter T2 values with both sequences is a result of the transmit/receive delay and T2 decay during the readout. (The musculoskeletal protocol total readout duration (1.28 ms) was longer as compared to the brain protocol (0.768 ms), leading to more signal decay during the readout [44] , which explains why it had a relatively lower expected ultrashort-T2 signal.) For the brain protocol, the ZTE sequence had predicted 33 and 8.1 % greater signal compared to the UTE sequence for T2 values of 0.3 and 1 ms, respectively. This is consistent with the increased foam padding and white matter SNR in the ZTE brain images. But we also did not observe statistically significant differences in SNR for cortical bone in the skull (T * 2 ≈ 0.4 ms). This could be explained by spatial selectivity at the edges of the FOV for ZTE (discussed below) reducing the cortical bone SNR. This effect could also have reduced the gray matter SNR as well, because it also is towards the edges of the FOV.
For the ankle and knee protocols, ZTE had predicted 33 and 7.8 % greater signal compared to the UTE for T2 values of 0.3 and 1 ms, respectively. This is consistent with the increased foam padding signal in the ZTE ankle images. We did not observe statistically significant differences in SNR for tendons (T * 2 ≈ 1 ms) in our studies, and the expected signal difference was lower for this T2 regime. However, this difference does not conclusively favor ZTE for ultrashort-T2 imaging, as our UTE implementation was not optimized to achieve the fastest possible transmitreceive switching. With an optimized UTE implementation, the expected signal levels between ZTE and UTE are nearly identical in our PSF simulation ("UTE (T/R delay = 8 µs)" (Fig. 9) .
Our phantom results showed some very subtle differences in the off-resonance response. We were unable to identify the cause of this via point spread function (PSF) simulations. It may arise from the WASPI central k-space filling technique imparting some k-space filtering.
In our ZTE acquisitions, we observed shading and signal drop-off artifacts due to the varying spatial selectivity of the RF pulse being applied during the readout gradients. In other words, the RF excitation is behaving as a sliceselective pulse, causing signal loss, although the direction of the slice selection is changing for different readouts, resulting in a combination of signal loss and shading artifact [40] . We could have avoided this by decreasing the readout bandwidth (decreasing readout gradient strengths) or shortening the RF pulse (increasing RF excitation bandwidth), but both of these options limit the steady-state contrast achievable. In particular, decreasing the readout bandwidth will allow for more ultrashort-T2 signal decay during the readout, blurring these tissues of interest, and shortening the RF pulse limits the achievable flip angles. Our RF pulse durations were set by the peak B1 of the coils and the desired flip angle (4 • ). While this ZTE artifact is a Fig. 9 Theoretical SNR of the UTE and ZTE sequences used in this study with transmit/receive switching delays ("T/R delay") of 70 µs (UTE) and 8 µs (ZTE), as well for an optimized UTE sequence with 8 µs delay. This point spread function simulation accounts for differences due to T2 relaxation during this delay and the readout. In the sub-millisecond T2 regime, there are a larger expected ZTE signals compared to the UTE sequence used in this study, but this expected increase becomes much smaller with an optimized UTE sequence limitation of our comparison study, it also highlights how ZTE sequences have more restrictions on the flip angles and readout bandwidths compared to UTE. Correcting for this artifact is an active area of research. Recent work has addressed this using reconstruction techniques that account for the spatial selectivity [40] and shaped excitation pulses to increase the uniformly excited FOV [45] . In our UTE knee acquisitions, we observed distortion artifacts due to sources of gradient infidelity such as eddy currents and other timing delays. These were not observed when using the head coil, suggesting it was due to eddy currents in the knee coil. We applied simple x, y and z axis gradient delay corrections, although these did not completely eliminate the artifacts. This can be corrected by numerous methods, including using gradient measurements [41] and pre-compensation or post-processing corrections. Sensitivity to gradient infidelity is inherent in UTE due to the use of ramp sampling [46] . One advantage of ZTE, on the other hand, is that it requires very little gradient ramping (resulting in a very quiet scan), and therefore is quite robust to sources of gradient infidelity.
In general, UTE currently offers more image contrast and imaging volume flexibility than ZTE, which could be a significant advantage for clinical applications. (These differences were not demonstrated in this study, as we purposefully matched the contrast and volumes between the methods for a more straightforward comparison.) For contrast, UTE sequences can use a large range of excitation flip angles, RF pulse durations, and readout gradients compared to ZTE sequences that are limited by the shading and signal drop-off artifact in ZTE. UTE can also include slab selective excitation pulses to limit the 3D FOV, or be applied as a 2D method by using half-pulse excitations [31] (although these pulses are very sensitive to gradient infidelity), both of which are not possible with ZTE. UTE sequences also often include multiple echo time readouts to generate ultrashort-T2 contrast, and have also been applied with more efficient k-space trajectories, such as spirals [28] , twisted projections [29] , or cones [30] . ZTE is also potentially compatible with multiple echo times and slightly modified versions of more efficient trajectories, but it loses its advantages of robustness to gradient infidelity and acoustically quiet scanning.
In terms of the scan time, ZTE can achieve shorter TRs because of the minimal gradient switching requirements. However, when using WASPI [9] , or single-point imaging (PETRA) [37] to fill the center of k-space, some extra acquisitions are required for ZTE compared to UTE. With fast enough switching times, the center of k-space can be filled using algebraic reconstruction [35, 36] without any extra acquisitions, resulting in shorter scan times compared to UTE. (This ZTE approach has a different ultrashort-T2 component response and off-resonance phase accumulation compared to the WASPI method used in this study.) In our study, the ZTE scan time was also increased due to some additional delay time that was automatically added by the pulse sequence program based on expected SAR calculations, although ultimately, this was not necessary to stay within FDA limits.
Conclusion
We found that ZTE and UTE pulse sequences can achieve very similar contrast and SNR efficiency for volumetric imaging of ultrashort-T2 components. This was performed at 7T to take advantage of the increased polarization, and also to accentuate any pulse sequence differences due to B0 and B1 inhomogeneity, although we observed negligible differences in image quality between ZTE and UTE due to these inhomogeneities. The contrast in both sequences benefited significantly from using fat suppression and inversion recovery RF preparation pulses, enabling clear visualization of ultrashort-T2 components such as the cortical bone in the skull, as well as tendons with SNRs > 20 in less than 5 min. In our implementation, we observed shading artifacts in ZTE due to spatial selectivity, as well as gradient fidelity artifacts in UTE, although methods exist to correct for both of these artifacts. In general, UTE has more flexibility in image contrast and imaging volume selection, but has a greater sensitivity to gradient fidelity, while ZTE is limited to volumetric imaging but has substantially reduced noise levels during the scan.
Informed consent Informed consent was obtained from all individual participants included in the study.
